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A. GAWLIK-RAMIĘGA et al. PHYSICAL REVIEW C 104, 044610 (2021)
31National Technical University of Athens, Greece
32Dipartimento di Fisica e Astronomia, Università di Bologna, Italy
33Istituto Nazionale di Fisica Nucleare, Sezione di Legnaro, Italy
34Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Italy
35Dipartimento di Astronomia, Università di Trieste, Italy
36Dipartimento di Fisica e Astronomia, Università di Catania, Italy
37Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
38University of Ioannina, Greece
39University of Vienna, Faculty of Physics, Vienna, Austria
40University of Granada, Spain
41Bhabha Atomic Research Centre (BARC), India
42Centre for Astrophysics Research, University of Hertfordshire, United Kingdom
43Department of Physics, University of Basel, Switzerland
44Australian National University, Canberra, Australia
(Received 24 June 2021; accepted 27 September 2021; published 12 October 2021)
The 76Ge(n, γ ) reaction has been measured at the n_TOF facility at CERN via the time-of-flight technique.
Neutron capture cross sections on 76Ge are of interest to a variety of low-background experiments, such as
neutrinoless double β decay searches, and to nuclear astrophysics. We have determined resonance capture kernels
up to 52 keV neutron energy and used the new data to calculate Maxwellian-averaged neutron capture cross
sections for kBT values of 5 to 100 keV.
DOI: 10.1103/PhysRevC.104.044610
I. MOTIVATION
High-precision neutron capture data on 76Ge are of interest
for fundamental research in nuclear astrophysics and for low-
background experiments in the search of neutrinoless double
β decay.
In nuclear astrophysics, neutron capture cross sections are
a key input for studying the origin of the heavy elements in
the slow neutron capture process (s process) [1]. About 80%
of solar elemental germanium is thought to be produced in
the s process in massive stars during He core burning (at
temperature kBT ≈ 30 keV) and neutron densities of about
106 n/cm3 [2], and then during the later C shell burning phase
(at temperature kBT ≈ 90 keV) with significantly higher neu-
tron densities around 1012 n/cm3 [2]. Figure 1 shows the
reaction path of the s process in massive stars in the mass
region around germanium. 76Ge is preceded by the unstable
75Ge, with a half-life of only 83 minutes. During He core
burning, neutron densities are too low to cause significant
capture on 75Ge, hence the pre-existing 76Ge is thought to be
mainly destroyed by (n, γ ) reactions. During the later C shell
burning stage, higher neutron densities allow production of
76Ge, which may compensate for its destruction in the previ-
ous phase [3]. Hence, in the s process in massive stars, 76Ge
is either destroyed or marginally produced. Therefore, 76Ge
is commonly considered as so-called r-only nucleus, meaning
that it is dominantly produced in the rapid neutron capture
process happening in stellar explosions, such as neutron-star
mergers [4]. Nevertheless, accurate neutron capture data on
76Ge are needed to determine the destruction of 76Ge during
the s process, and its possible contribution to galactic chemi-
cal evolution.
Furthermore, 76Ge is commonly used as a probe in the hunt
of neutrinoless double β decay, for instance at GERDA [5],
MJD [6], and the future LEGEND [7] experiments. Neutron
interactions represent an important source of background in
these searches [8], so an accurate neutron reaction data on
76Ge is thus of importance to model backgrounds.
Experimental neutron capture cross-section data on 76Ge
are scarce. There are several measurements at thermal-neutron
energies (0.025 eV) [9–12]. Data at higher neutron energies
include resonance data by Maletski et al. [13], who have mea-
sured partial radiative widths only for two resonances below
5 keV. Cross sections recommended by nuclear data libraries
such as ENDF/B-VIII [14] and JEFF-3.3 [15] are based on ex-
perimental data of Ref. [13], in combination with transmission
data on natural germanium by Harvey and Hockaday [16].
However, the data include only a few of the strongest res-
onances, due to the low natural abundance of 76Ge (≈8%).
At higher neutron energies, Bhike et al. [17] have recently
published capture cross sections between 0.4 and 14.8 MeV,
which were found to be in agreement with evaluations [14,18].
There exists also several measurements of Maxwellian-
averaged cross sections (MACSs). The most recent, by
Marganiec et al. [19], have determined MACS at kBT = 25
keV using the activation technique and extrapolated MACS
values from kBT = 5–100 keV using the Bao et al. compila-
tion [20]. Their results were found to be smaller than previous
activation data at 25 keV obtained by Anand et al. [21], and
Chaubey and Seghal [22].
This work presents neutron capture resonance data ob-
tained at the n_TOF facility, providing for the first time
information on individual resonance parameters relevant for
radiative neutron capture on 76Ge up to 52 keV. These
resonance data were used to constrain average resonance pa-
rameters and Maxwellian averaged cross sections.
II. EXPERIMENT AT n_TOF
The n_TOF neutron time-of-flight facility consists of
a neutron spallation source, and two experimental areas;
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FIG. 1. Nucleosynthesis path of the s process going along the sta-
bility valley. Solid boxes represent stable isotopes. Neutron captures
are marked by purple lines and β decays by green (β−) and red (β+)
lines. There is only a marginal reaction flow to 76Ge via 75Ge(n, γ ).
Experimental Area 1 (EAR-1) is located at a distance of
185 m from the target, while Experimental Area 2 (EAR-2)
for measurements requiring ultrahigh neutron fluxes is located
at a distance of 20 m [23]. Neutrons are produced in spallation
reactions, by bombarding a cylindrical 1.3 ton lead target
(40 cm length, 60 cm diameter) with a pulsed proton beam
(7 ns rms), provided by the CERN Proton Synchrotron. The
spallation target is surrounded by borated and normal water
layers to moderate the initially energetic neutrons, reduce γ -
induced backgrounds, and cool the spallation target [23]. The
moderated neutron spectrum is characterized by an isolethar-
gic energy dependence and ranges from thermal energies
(25 meV) to several GeV. The measurement was performed
at EAR-1, taking advantage of the excellent relative neutron
energy resolution, which ranges from 3×10−4 at 1 eV to
3×10−3 at 100 keV [23].
Capture events were detected by measuring the prompt
capture γ rays with four deuterated benzene (C6D6) liquid
scintillators. These detectors have been specifically optimized
for an extremely low sensitivity to scattered neutrons [24,25].
The detectors were placed symmetrically around the beam
pipe at 125 degrees with respect to the neutron beam to mini-
mize effects of anisotropic γ -ray emission for  > 0 capture.
The 76Ge sample, supplied by ISOFLEX (USA), consisted
of GeO2 in powder form enriched to 88.46% in 76Ge. The
sample was pressed into a self-supporting cylindrical pellet
at the Paul Scherrer Institute (Switzerland). In addition, we
also measured a metallic natural Ge sample to identify neutron
resonances due to impurities from other isotopes. Data were
also recorded with a 197Au sample for normalizing the cross
section (see Sec. III), and with an empty sample holder to
determine the sample-independent background. All samples
were of cylindrical shape with 2 cm diameter and were glued
on to a 6-μm-thick Mylar foil, attached to a thin aluminium
ring of 5 cm diameter. Table I gives properties of the samples
used in our experiment.
Detector signals were recorded using 14-bit flash ADCs at
a sampling rate of 1 GHz. Signal arrival times and amplitudes
were determined with an off-line pulse shape algorithm, de-
veloped specifically for the detectors used [26].
III. DATA ANALYSIS AND RESULTS
A. Time to neutron energy conversion
The neutron time-of-flight spectra were converted to neu-
tron energy using the relativistic relation
En = mnc2(γ − 1), (1)
with the Lorentz factor
γ = 1√
1 − (L/ttof )2/c2
, (2)
where mn is the mass of the neutron, L is the flight path
length, and ttof is the neutron time of flight. The time of
neutron creation is inferred from measuring the so-called γ
flash, a high-amplitude signal registered by the C6D6 detectors
from prompt γ rays produced when the proton beam hits the
spallation target. The flight path length was determined as
183.95 ± 0.04 m, using well-known neutron resonance ener-
gies in the 197Au(n, γ ) cross section [14].
B. Experimental capture yield
The experimental capture yield Y (En) was obtained as fol-
lows:
Y (En) = fN(En)C(En) − B(En)
εc(En)
, (3)
where C is the count spectrum of 76Ge sample, B is the
background, εc is the detection efficiency, and  is the neu-
tron fluence. The factor fN is a normalization factor taking
into account the fact that capture sample does not cover the
entire size of the neutron beam. The determination of all the
components will be described in the following sections. For
all samples, dead time corrections were 1%.
1. Detection efficiency
The efficiency to detect a capture event depends on the
specific deexcitation path of the compound system and there-
fore can vary for each neutron capture. To compensate for this
feature, we used the well-established pulse-height weighting
technique (PHWT) [27], which can be applied to detection
systems where the detection efficiency εγ is low, and at most
one γ ray per cascade is detected. If the γ -detection efficiency
εγ is proportional to the γ -ray energy Eγ , it can be shown
that the efficiency εc to detect a capture event is proportional
TABLE I. Properties of the samples used in the measurement, all cylindrical with 2 cm diameter.
Sample Chemical form Mass (g) Thickness (mm) Sample composition (%)
76Ge GeO2 2.275 2.43 70Ge(0.06); 72Ge(0.09); 73Ge(0.06); 74Ge(11.33); 76Ge(88.46)
natGe Metal 1.903 1.22 70Ge(20.52); 72Ge(27.45); 73Ge(7.76); 74Ge(36.52); 76Ge(7.75)
197Au Metal 0.664 0.10 197Au (100)
Empty holder
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FIG. 2. Plot of the weighted 76Ge spectrum compared with
empty sample holder and ambient background.
to the excitation energy of the compound nucleus Ec. How-
ever, for most detection systems this is not the case, hence
proportionality between εγ and Eγ is achieved by applying a
pulse-height-dependent weight to each recorded signal. These
weights were determined in detailed GEANT4 simulations [28]
of the response of the detection setup to monoenergetic γ -ray
energies over the energy range of interest, i.e., for all Eγ  Ec.
Corrections for missed transitions due to γ rays below the
200 keV analysis threshold and transitions by electron conver-
sion were calculated by using simulated cascades generated
with the DICEBOX code [29]. The systematic uncertainty of
the neutron capture yield due to the PHWT is 2% [30].
2. Background subtraction
Several sources of background affect our measured data.
The environmental background caused by ambient radioactiv-
ity and cosmic rays is measured in runs without the neutron
beam. Beam-induced background by neutron reactions on the
sample holder and other structural material is measured with
an empty sample holder. The ambient background has to be
subtracted from each measured spectrum. The background
B is calculated by subtracting the ambient component from
the empty holder spectrum, all spectra have been weighted
by a proper factors. Figure 2 shows the weighted 76Ge count
spectrum compared with these two background components.
As mentioned above, the C6D6 detection setup has been opti-
mized to have a low sensitivity to scattered neutrons [24,25].
3. Neutron fluence and normalisation
The neutron flux was accurately measured in a sep-
arate campaign [31] using nuclear reactions whose cross
sections are considered a reference or standard in certain
energy ranges. The energy-dependent neutron flux was deter-
mined with systematic uncertainty of 2% for neutron energies
<10 keV, and of 4%–5% between 10 and 100 keV [31].
To determine the neutron fluence on the sample, a nor-
malization factor fN needs to be applied since the diameter
of the neutron beam (3.5-4.0 cm) is larger than the diame-
ter of the capture sample (2 cm). The normalization factor
TABLE II. Resonance energies ER and kernels k up to 52 keV
determined with SAMMY. The uncertainties listed originate only from
the fitting procedure.
ER (eV) k (meV)
551.199 ± 0.005 83.8 ± 0.3
2181.48 ± 0.03 24.0 ± 0.4
4168.92 ± 0.04 109 ± 2
4787.13 ± 0.07 206 ± 4
6284.32 ± 0.12 78 ± 3
8669.0 ± 0.3 131 ± 6
9262.54 ± 0.16 212 ± 7
9479.4 ± 0.3 61 ± 3
14058.4 ± 0.9 108 ± 8
15138 ± 4 175 ± 12
15867.3 ± 0.6 214 ± 11
19152.1 ± 1.4 171 ± 12
19234.5 ± 0.9 158 ± 10
20168.7 ± 1.5 85 ± 8
21055 ± 3 232 ± 19
23634.5 ± 1.6 153 ± 15
24658 ± 3 73 ± 13
28281 ± 3 74 ± 12
29489 ± 4 225 ± 29
30345 ± 3 154 ± 17
30680 ± 5 66 ± 15
30936 ± 4 67 ± 13
33505 ± 4 111 ± 19
33947 ± 7 100 ± 30
34000 ± 4 200 ± 30
34628 ± 4 102 ± 19
34851 ± 7 120 ± 30
35836 ± 3 260 ± 30
38396 ± 5 130 ± 20
38670 ± 5 110 ± 30
39602 ± 5 170 ± 40
41947 ± 5 400 ± 50
44441 ± 4 84 ± 17
45558 ± 4 260 ± 40
45734 ± 9 70 ± 30
45793 ± 5 120 ± 30
47270 ± 6 100 ± 20
49313 ± 8 200 ± 30
49434 ± 8 300 ± 60
50263 ± 6 190 ± 40
51655 ± 10 210 ± 50
fN was determined using the well-established saturated res-
onance technique [32] using the 197Au resonance at 4.9 eV
neutron energy, with a systematic uncertainty of about 1%.
Small corrections to this normalization have to be applied
at other neutron energies, as the size of the neutron beam
slightly depends on neutron energy. These corrections were
determined in simulations and verified experimentally [23]
and never exceeded 1.9% in the energy range of interest.
C. Resonance analysis
Neutron resonances from 76Ge(n, γ ) reactions were fit
with the multilevel, multichannel R-matrix code SAMMY [33].
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FIG. 3. (a)–(c) Examples for some SAMMY fits of the experimen-
tal capture yield.
SAMMY takes into account all experimental effects, such as
self-shielding, multiple scattering, and the broadening of res-
onance shape due to thermal motion (Doppler broadening)
and the resolution of the experimental setup. In addition,
backgrounds introduced by sample impurities (i.e., other ger-
manium isotopes) are included in calculations of resonance
parameters. We also included a constant background in the
fitting procedure to account for any residual background, by
analogy with the previous Ge isotopes [34–36].
Table II lists our results for resonance energies and reso-
nance capture kernels, defined as
k = g nγ
n + γ , (4)
where n and γ are the neutron and radiative width, respec-
tively. The statistical factor g is given by
g = (2J + 1)
(2s + 1)(2I + 1) , (5)
where J is the resonance spin, s = 1/2 is the neutron spin, and
I (76Ge) = 0 is the ground-state spin of the target nucleus.
Resonance capture kernels were determined up to neutron
energies of 52 keV. At higher energies, the analysis of indi-
FIG. 4. 76Ge neutron capture cross section reconstructed from
SAMMY resonance fits in this work compared with ENDF/B-
VIII [14].
vidual resonances is no longer possible due to the worsening
of the experimental resolution combined with lower counting
statistics. Examples for resonance fits of the capture yield
using SAMMY are shown in Fig. 3. Resonances visible in Fig. 3
and not included in Table II come from other germanium iso-
topes, mainly from 74Ge due to the high isotopic enrichment
in the measured sample.
While the dependence of the kernel on the choice of res-
onance spin is negligible in most cases (i.e., kernel values
for different J used in the SAMMY fit are consistent within
uncertainties), the correct assignment of the resonance spin
allows us to constrain average resonance parameters. For the
76Ge reaction in the energy range investigated, it is expected
that we observe s- and p-wave resonances, hence resonance
spins J have values of either 1/2 or 3/2. Based on sim-
ulations with the DICEBOX code [29], we expect a similar
γ for resonances with all allowed Jπ . Since n  γ for
all but the three low-energy resonances, which results in a
kernel k ≈ gγ , we considered g, so that the resulting γ
is distributed around the same value for different resonance
spins. In our case, this means that all kernels k > 180 meV
were fit as J = 3/2 resonances, while all others as J = 1/2
resonances.
Systematic uncertainties in the capture kernels are due to
the PHWT (2%), the normalization (1%), the neutron flux
(2% for En < 10 keV, 4.5% for En > 10 keV), and the sample
enrichment (1%). This amounts to total systematic uncertain-
ties of 3.2% below, and 5.1% above 10 keV neutron energy.
In total, we determined 41 resonance kernels, the majority of
them determined for the first time. The neutron capture cross
section obtained from the resonance fits is shown in Fig. 4.
The bound resonance parameters were taken from ENDF/B-
VIII [14]. Using the results above, we are able to constrain the
average resonance parameters, namely, the average radiative
width γ , the average resonance spacing D0, and neutron
strength function S0. We assumed that there are no unresolved
doublets or even more complex structures. We described the
distribution of individual γ values in terms of the average
radiative width γ and the width of the distribution σγ .
Using the same method as in Ref. [35], namely, the maximum
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TABLE III. Maxwellian-averaged cross sections obtained from resonance data below 52 keV neutron energy, combined with the data from
libraries, and compared with previous measurement.
MACS (mb)
This work
kBT (keV) n_TOF (En < 52 keV) n_TOF+TALYS n_TOF+ENDF n_TOF+NON-SMOKER Ref. [19]
5 65.0 ± 3.3 65.0 65.0 65.0 58.0 ± 5.8
10 37.9 ± 1.9 38.7 38.6 38.3 39.8 ± 3.4
20 20.5 ± 1.1 24.5 25.2 23.8 26.7 ± 2.3
25 16.1 ± 0.8 21.3 22.5 20.9 23.5 ± 2.0
30 13.0 ± 0.7 19.2 20.8 18.9 21.5 ± 1.8
40 8.9 ± 0.5 16.3 18.3 16.4 18.2 ± 1.5
50 6.5 ± 0.3 14.5 16.6 14.9 16.3 ± 1.4
60 4.9 ± 0.3 13.3 15.4 13.9 15.0 ± 1.3
70 3.8 ± 0.2 12.4 14.4 13.1
80 3.09 ± 0.17 11.7 13.5 12.4 13.0 ± 1.1
90 2.53 ± 0.14 11.1 12.8 11.9
100 2.12 ± 0.12 10.7 12.2 11.4 12.3 ± 1.1
likelihood fit assuming a Gaussian distribution of γ values,
we obtained γ = 115(6) meV and σγ = 30(4). Our value
of the average radiative width is in excellent agreement with
115(25) meV of Mughabghab [37].
To determine D0 we adopted a method similar to that
used in the analysis of recently measured 73,70,72Ge iso-
topes [34–36]. We compared the observed number of reso-
nances having a kernel higher than 60 meV with predictions
of simulations based on the statistical model, i.e., assum-
ing a Porter-Thomas distribution of reduced neutron widths
and Wigner spacing of neighboring resonances. The γ in
simulations were assumed to have a common expectation
value for all Jπ and to originate from a χ2ν distribution with
ν = 30 degrees of freedom; such a ν gives σγ /γ ≈ 1/4, in
agreement with the values determined from the experiment.
For the average level spacing we further assumed the spin
dependence from Ref. [38] and parity independence. Our data
give D0 = 4.6(6) keV, which is compatible with literature
values of 3.6(9) keV [37] and 4.5(10) keV [39]. Although
spin-parity assignment is uncertain, our data indicate a S0 that
is likely significantly smaller in this nucleus than in other
germanium isotopes. Specifically, assuming that the highest
deduced n/
√
E values correspond to s-wave resonances, we
get S0 ≈ 0.5×10−4. The listed value can be considered as an
upper limit because it was obtained from the strongest 15
resonances. In reality, some of these resonances are likely
p waves, and from D0 determined above there are only 12
expected s-wave resonances below 52 keV. The uncertainty in
S0 from Porter-Thomas distribution of reduced neutron widths
is expected to be about 40%.
IV. STELLAR CROSS SECTIONS
Maxwellian-averaged cross sections (MACSs) were calcu-













Table III lists Maxwellian-averaged cross sections obtained
from our data (En < 52 keV) and total (statistical and system-
atic) uncertainties. The systematic uncertainty in the MACS
is 5.1% (see Sec. III C), while the statistical uncertainty is
at most 2%. We also included a negative resonance [14]
in our calculation, however, the contribution to the MACS
is negligible (0.01% at kBT = 5 keV and smaller for the
higher kBT ). To determine the MACS including all relevant
neutron energies, we have combined our data with theo-
retical predictions of the cross section from 52 keV to 1
MeV. We present MACS values using TALYS 1.9 with default
parametrization [18], ENDF-B/VIII [14] and NON-SMOKER
5.3 [40]. MACS values at 5 and 10 keV are almost entirely
determined by the experimental data and TALYS predictions of
MACS for kBT  10 keV agree the best (within 7%). There-
fore, we have used this combination for our astrophysical
calculations. The table also lists the MACS values of Mar-
ganiec et al. [19]. They come from an activation measurement
performed relative to the 197Au(n, γ ) cross section which has
since been updated. Using the most recent 197Au(n, γ ) cross
section [41–43], the MACS of Ref. [19] are to be multiplied
by 1.078.
Stellar models suggest that, for low-metallicity stars, a
small net production of 76Ge in the s process is possible. At
s-process burning temperatures around 30 and 90 keV, respec-
tively, our new MACS values are about 12% smaller than the
MACSs used in stellar models so far (these models adopt rec-
ommended values from the Karlsruhe Astrophysical Database
of Nucleosynthesis in Stars (KADoNiS-0.3) [44], which cor-
responds to values from Ref. [19]). We have tested the impact
of our results (adopting the n_TOF+TALYS MACSs) on s-
process nucleosynthesis in a star with 25M initial mass and
0.6% metallicity, using the MESA stellar evolution code [45]
in combination with the postprocessing code MPPNP [46].
This model yields a small net production of 76Ge during
s-process nucleosynthesis. The MACSs in this work lead to
a marginal increase of the 76Ge abundance by about 2%
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compared with using the previously recommend MACSs
(KADoNiS-0.3 [44]).
V. SUMMARY
We have measured 76Ge(n, γ ) cross section over a wide
neutron energy range at the neutron time-of-flight facility
n_TOF at CERN. Resonance capture kernels of 41 resonances
were determined up to 52 keV, 39 of them are listed for the
first time. We have determined Maxwellian-averaged cross
sections for kBT values of 5–100 keV, combining our experi-
mental data with theoretical predictions of the cross section at
higher energy. The uncertainty of the MACSs from our data
is smaller than 5.5% and it is dominated by the systematic
uncertainty (of 5.1%). We have also tested the impact of the
new MACS on the 76Ge production during s-process nucle-
osynthesis. The results indicate that the 76Ge abundance is
underestimated by about 2% in comparison with the previous
data.
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